Persistent infections with cytomegalovirus (CMV) differentially affect the host immune phenotype in middle-aged males and females. Because CMV already impacts on T-cell memory at a young age, we studied whether these effects were modified by sex in 1,079 children with an average age of 6 years. Sex and CMV independently impacted on multiple B-cell and T-cell subsets. However, there was no significant effect of their interaction. Importantly, the effects of sex and CMV were in part explained by age and infection with other herpesviruses. Thus, immune aging is likely to be more complex, with involvement of hormonal changes with age, socioeconomic status, birth characteristics, and pathogen exposure.
Cytomegalovirus (CMV) is a β-herpesvirus that persists following primary infection and is actively suppressed by the host's immune system [1] . Primary infections are usually mild, but complications can arise for the fetus in pregnant women or as a result of viral reactivation in immunocompromised individuals [2] . Furthermore, CMV infection is associated with impaired immune responses and increased mortality in elderly persons [3] , a process referred to as immunosenescence [4] . These effects were initially ascribed to CMV-associated expansions of effector memory T (Tem) cells within the CD4 and CD8 lineages [5, 6] and the resulting relative decline in naive T (Tn) cells [7] . However, absolute Tn cell numbers are normal in most CMV+ individuals [8] , CMV-specific Tem cells do not accumulate in lymph nodes [9] , and CMV-positive elderly persons can mount responses to influenza vaccination [10] . Moreover, CMV-driven T-cell expansions are already present in young children and are not associated with age of infection, decreased Tn-cell numbers, or impaired protective immune responses [11] . Thus, the effects of CMV on early immunosenescence are still inconclusive and are likely impacted on by other determinants.
We recently identified differential effects of CMV carriage on the immune phenotype in pre-elderly men and women [12] . Middle-aged, CMV-infected male subjects had lower numbers of Tn cells and central memory T (Tcm) cells within the CD4 and CD8 lineages, as well as lower follicular helper T (Tfh) cells, regulatory T cells, and memory B cells than CMVinfected female subjects [12] . However, it remains unclear whether the observed sex-specific differences are related to older age and whether these are impacted on by confounding factors.
Therefore, we here analyzed the combined effects of CMV infection and sex in our previously published cohort of 1,079 children with an average age of 6 years from the Generation R Study [11] . All effects on B-and T-cell subsets were adjusted for socioeconomic factors, ethnicity, breastfeeding, and co-infection with Epstein-Barr virus (EBV) and herpes simplex virus type 1 (HSV-1).
METHODS

Study Subjects
This study was conducted in the context of the Generation R Study, a prospective population-based cohort study from fetal life until young adulthood [13] . We included 1,079 children (mean = 6.1 y; range = 5.0-7.9 y) from whom CMV immunoglobulin G (IgG) serology and detailed immunophenotyping of blood B-and T-cells was performed [11] . Data on sex, gestational age, birth weight, parity, and mode of delivery were obtained from obstetric records from hospitals and midwife practices. Age-adjusted standard deviation scores (SDSs) for weight and body mass index (BMI) were obtained by using Dutch reference growth curves (Growth Analyzer 3.0; Dutch Growth Research Foundation, Rotterdam, Netherlands) and data on sociodemographic and lifestyle factors from prenatal and postnatal questionnaires completed by both parents, as described previously [14] . Written informed consent was obtained from all parents of participating children. Ethical approval for the study was obtained from the Medical Ethical Committee of the Erasmus MC.
Herpesvirus Serology
Blood plasma samples were subjected to enzyme-linked immunoassays for IgG antibodies against CMV, EBV (viral capsid antigen [VCA] ) and HSV-1 (EUROIMMUN; Lübeck, Germany) [11] .
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Immunophenotyping
Absolute numbers of CD3 + T cells and CD19 + B cells were obtained with a routine diagnostic lyse-no-wash protocol. Detailed analysis of B-and T-cell subsets was performed with 6-color flowcytometry [15] .
Statistical Analyses
Leukocyte subset numbers were natural log-transformed to normalize the data. To test whether maternal and child characteristics were different between the 4 groups, chi-square tests, independent t tests and nonparametric Mann-Whitney U tests were applied. Independent associations of CMV seropositivity with each leukocyte subset number were examined using a multivariable linear regression model, wherein the P value indicates significance for association with the natural log-transformed absolute numbers of immune cells. The ratio (antilog of β coefficient) indicates the strength of the association; the higher the value of β, the larger the difference in mean between either female vs male, CMV+ vs CMV−, male CMV+ vs male CMV−, or female CMV+ vs female CMV−. A positive value indicates a higher number of cells, and a negative value indicates a lower number. Effect modification by sex was evaluated by adding the interaction term (ie, product term of the independent variable [CMV] and subgroup [sex] ; CMV × sex) as a covariate in the model. The interaction term compares the logs of the 2 ratios and reflects whether CMV-induced immune responses are differentially affected by sex. The age-adjusted model included only CMV status (0 = seronegative, 1 = seropositive), sex (0 = male, 1 = female), age (years), and the interaction term CCMV × sex. Because of previously identified significant effects [11, 14] , the model was additionally adjusted for ethnic background (Western vs non-Western), EBV seropositivity, HSV-1 seropositivity, breastfeeding at 6 months (yes/no), daycare in first year of life (yes/no), maternal educational level (low/high), and antibiotic use in first year of life (yes/no). The results were reported as β, ratios (antilog of β), and 95% confidence intervals (CIs); P ≤ .05 was considered statistically significant. Additional adjustment for multiple comparisons in the regression analyses (n = 27 tests) was performed by the Bonferroni method; only values with P < .0019 (P = .05/27) were considered significant. Statistical analyses were performed in SPSS 24.0 for Windows.
RESULTS AND DISCUSSION
Characteristics of Study Participants
A total of 1,079 children with mean age 6.1 years (range = 5.0-7.9 years) participated in the study. Of these, 553 were boys (51.3%), and 391 (36.2%) were IgG+ for CMV (Supplementary Table 1 ) [11] . Median age and mean BMI were similar between boys and girls, as well as between CMV+ and CMV− children. However, CMV+ children were more often of non-Western origin, were more frequently coinfected with EBV and HSV-1, were breastfed longer, went to daycare more often, more frequently needed antibiotics during their first year of life, and their mothers were lower educated than CMV− children (Supplementary Table 1 ) [14] .
Effects of Sex on Circulating Leukocyte Subsets
Numbers of multiple B-and T-cell subsets were significantly different between girls and boys. The largest effect of sex was observed for CD27− memory B cells: girls had 1.16-fold (95% CI = 1.07-1.26) more CD27− memory B cells than boys, followed by 1.12-fold (95% CI = 1.02-1.24) more CD8 Tem cells expressing CD45RO+ (TemRO) cells. Additionally, girls had 1.11-fold (95% CI = 1.04-1.19) more CD4 Tn cells, 1.09-fold (95% CI = 1.02-1.17) more CD4 Tcm cells, 1.08-fold (95% CI = 1.02-1.13) more CD4 T cells, and 1.06-fold (95% CI = 1.00-1.11) more total T cells. The smallest effect of sex was observed for total lymphocyte numbers: girls had 1.05-fold (95% CI = 1.00-1.11) more total lymphocyte numbers than boys ( Table 2 , fully adjusted model 2). Similar differences have been reported for pre-elderly persons, although middle-aged males lack expansions of memory T cells and have additional decreases in CD8 Tn cells and all CD4 T-cell subsets [12] .
Effects of Cytomegalovirus Status on Circulating Leukocyte Subsets
We previously reported expansions of Tem cells in the CD8 and CD4 lineages (all P < .001) in CMV+ children using unadjusted comparisons [11] . Following adjustment, we here observed the largest effects of CMV for the CD8 Tem CD45RO− (TemRA) late and CD8 TemRO late cells: CMV+ children had 4.04-fold (95% CI = 3.47-4.71) and 2.83-fold (95% CI = 2.40-3.35) more CD8 TemRA late and CD8 TemRO late cell numbers, respectively, than CMV− children, followed by 1.84-fold (95% CI =1.58-2.14) more CD4 TemRA late cells and 1.77-fold (95% CI = 1.51-2.08) more CD4 TemRO late cells (Table 2 , model 2). In addition, in CD27− memory B cells were increased CMV+ children (ratio of 1.14; 95% CI = 1.04-1.23) ( Table 2) .
Effects of Cytomegalovirus Status on Circulating Leukocyte Subsets in
Boys and Girls
To determine whether CMV infection was associated with differential effects on the immune phenotype between males and females, the study cohort was divided into 4 groups: CMV− boys, CMV+ boys, CMV− girls, and CMV+ girls (Table 1) . In both girls and boys, CMV positivity was associated with significantly increased numbers of γδT cells, CD8 T lymphocytes, and CD4 and CD8 Tem cell populations and a significantly lower CD4/CD8 ratio.
To study whether associations between CMV status and leukocyte subsets were differentially affected by sex, we performed linear regression analyses that included the following variables: sex, age, CMV status, and the interaction term CMV × sex ( Table 2 ). In contrast with pre-elderly persons [12] , sex did not significantly modify the associations between CMV and total Linear regression was performed on natural log-transformed data by using the variables cytomegalovirus (CMV) status (0 = seronegative, 1 = seropositive), sex (0 = male, 1 = female), and age (years). Because the CMV × Sex interaction term was not significant in the crude, age-adjusted, and fully adjusted model, the interaction term was omitted. Bold text indicates significant differences within 1 subset. Italicized text indicates differences that remained significant after multiple testing correction (n = 27 tests; P < .0019). The ratios (antilog of the β) compare the adjusted geometric means between sexes and between CMV+ and CMV− children. The P value indicates the association between the predicting variable and the absolute number of immune cells. The age-adjusted model includes the predicting variables sex, CMV, and age.
b The fully adjusted model additionally includes the variables ethnicity, Epstein-Barr virus and herpes simplex virus type 1 serostatus, breastfeeding duration, daycare attendance, maternal educational level, and antibiotic use in the first year.
CD4 T cells (β interaction = 1.02; P = .69), CD4+ Tcm cells (β interaction = 1.02; P = .72), CD4 TemRO (β interaction = 0.97; P = .54), and CD8+ Tcm cells (β interaction = 1.06; P = .49).
Confounding Factors in the Association Between Sex, Cytomegalovirus, and Leukocyte Subsets
Cytomegalovirus seropositivity in children is associated with socioeconomic factors, crowding, and ethnic backgrounds (Supplementary Table 1 ) [14] . Because these differences between CMV+ and CMV− children can potentially mask the presence of effect modification by sex, multivariable linear regression analyses were performed with additional inclusion of the following potential confounding factors: ethnicity, breastfeeding, daycare attendance, education level of the mother, antibiotics usage, and EBV and HSV-1 seropositivity (Table 1) . Following correction for these confounders, the CMV × sex interaction remained nonsignificant for total CD4 (P = .98), CD4 Tcm cells (P = .92), CD4 TemRO cells (P = .43), and CD8 Tcm cells (P = .90) ( Table 1 , model 2). Thus, the effects of CMV on the immune phenotypes were not sex-specific in both the unadjusted and adjusted models. Furthermore, following correction for confounders, the initially observed positive effect estimates of CMV seropositivity reduced markedly. Hence, the effect of CMV can be partly attributed to the combination of variables included in the multivariable model, especially to EBV and HSV-1. Specifically, EBV carriership was an independent predictor for CD8+ TemRO cells and TemRO late cells [11] , with ratios of 1.32 (95% CI = 1.19-1.46; P < .001) and 1.49 (95% CI = 1.26-1.75; P < .001), respectively. In addition, EBV affected the association between CMV and B-cell populations (especially CD27− memory B cells), and HSV-1 affected associations between CMV and T cells. In contrast, the effect sizes of sex did not materially change after inclusion of the potential confounders in the fully adjusted model (Table 2) . Notably, after inclusion of the confounding variables, girls were found to have 1.08-fold (P = .04) more naive mature B cells than boys (without adjustment: 1.04-fold; P = .20). Thus, to enable delineation of specific determinants such as sex and CMV (and their possible interaction) in relation to immune cells, various confounders, such as other herpesviruses, but also breastfeeding and lifestyle characteristics, should be taken into account. Arguably, some of the effects observed in pre-elderly persons could have been impacted upon by confounding factors such as coinfections. However, as nearly all pre-elderly persons in the study of Van der Heiden et al were EBV+, the EBV serostatus is not likely to explain the observed sex-specific effects of CMV on CD8 Tcm cells [12] .
Technical Considerations
In our study we were not able to analyze Tfh cells. However, because these are CD45RA-CCR7+, their definition mostly overlaps with CD4 Tcm cells. Therefore, it is unlikely that in young children these numbers are differentially affected by an interaction of sex and CMV.
A major strength of this study is that we used a multivariable approach to assess the relative contributions of CMV seropositivity, age, sex, and their possible interactions on immune subsets in a large prospective population-based cohort study of healthy children. In contrast with the previous study in pre-elderly persons [12] , we could adjust in our childhood cohort for a broad range of potential confounders, including socioeconomic status, ethnicity, breastfeeding, daycare, herpesvirus coinfections, and antibiotic use. These analyses limit the possibility of bias introduced by confounding. However, the observed associations might still be related to unmeasured variables, such as lifestyle, other viral infections, and microbial burden. Hence, residual confounding cannot be fully excluded.
CONCLUSION
We here found that both CMV carriage and sex affect blood immune cell numbers. However, in contrast with pre-elderly persons, there is no combined effect of the two. The potential difference between these populations could be age-related and further affected by hormone balances. This would need further analysis in additional study cohorts, especially in teenagers and in young adults, with longitudinal follow-up data. This would ensure that not only CMV serostatus but also the other important characteristics of socioeconomic status, birth, and pathogen exposure are taken into account and delineate the main determinants of immune aging.
Supplementary Data
Supplementary materials are available at The Journal of Infectious Diseases online. Consisting of data provided by the authors to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the authors, so questions or comments should be addressed to the corresponding author.
Notes
